Motivated by concerns regarding possible two-body contributions to the recently-measured inclusive Υ(nS)→ γ + X (n=1, 2, 3) direct photon spectra, we report on a new study of exclusive radiative decays of these narrow Υ(nS) resonances into two-body final states Rγ, with R a narrow resonant hadronic state decaying into four or more charged particles. Such two-body processes are not explicitly addressed in the extant theoretical frameworks used to calculate the inclusive direct photon spectra, and must also be explicitly inserted into Monte Carlo simulations. Using data collected from the CLEO III detector at the Cornell Electron Storage Ring, we present upper limits of order 10 −4 for such bottomonium two-body decays as a function of the recoil mass M R .
Introduction
CLEO recently extracted α s from a measurement of the direct photon spectra in Υ(1S, 2S, 3S) → ggγ [1] . That extraction was based on a comparison of the ggγ width to the dominant three-gluon width of the narrow bottomonium resonances. Since the direct photon is observable above background only for relatively high energies (E γ ≥ E beam /2), some model dependence is inherent in the determination of the total ggγ rate. Given a prescription relating the parton-level rate to α s , one can then use that rate to determine α s . To extrapolate beyond the experimentally accessible direct photon energy region, CLEO relies on theoretical parameterizations of the expected photon energy spectrum in the Υ system [2, 3] to obtain the total direct Υ → ggγ decay width relative to the dominant Υ → ggg width. The theoretical calculations are generally done at the parton level, and therefore avoid possible resonant contributions to the photon energy spectrum due to twobody decays, e.g., Υ → ggγ → γR, with R some resonant hadronic state. Alternatively, one would like to understand hadronization in Υ → ggγ → γR, which is measured experimentally as a two-body process. For example, CLEO has recently observed signals in several low-multiplicity modes [4, 5] , and has presented preliminary results consistent with the final state Υ(1S)→ γ + η ′ , η ′ → π + π − η, η → π + π − π 0 [6] . We point out, however, that the product of (branching ratio)×(efficiency) for all known exclusive modes, combined with the observed level of background, implies a signal yield below the statistical sensitivity required to be observed as a distinct signal in the inclusive spectrum.
From the experimental standpoint, the presence of possible digluon resonances opposite the photon leads to "bumps" in the otherwise smooth predicted theoretical photon spectra. The inability of the current calculations to directly address two-body effects, in part, restricts the applicability of Υ decay models to the region z γ < 0.92, with z γ defined as the scaled photon energy (≡ E γ /E beam ). Υ decay models are also not reliable above this point because one of the emitted gluons is of such low energy that a perturbative calculation cannot be trusted [8] . Given that primary glueball candidates are of order 1 GeV in mass, we expect the endpoint region of the photon energy spectrum (z γ > 0.92) to be most susceptible to such contamination. Older estimates of α s based on inclusive radiative photon production in Υ decay using the BLM [9] prescription have consistently yielded values smaller than those obtained from different techniques [7] . Recently, it has been realized that color octet contributions previously ignored in the older BLM calculation result in estimates of α s in excellent agreement with estimates made at the Z-resonance [10] . Nevertheless, subtraction of possibly-enhanced exclusive contributions to the overall rate would, in principle, result in a lowered estimate for the ratio of rates Γ(Υ → ggγ)/Γ(Υ → ggg) and a correspondingly larger estimate for α s . To set the scale, given that the typical branching fraction for Υ → ggγ is of order 10 −2 , a total resonant enhancement at the level of 5 × 10 −4 would result in a ∼5% reduction in the estimate of α s at the Z-pole.
By comparison, a large fraction of all J/ψ → ggγ decays have been identified as twobody [7] . Two-body contamination (and larger relativistic corrections) also makes the J/ψ system somewhat less reliable than the Υ in estimating α s . This systematic consideration in the ggγ analysis motivates our search for radiative decays of the Υ to resonances: Υ(nS)→ γR (n=1, 2, 3). We concern ourselves with high multiplicity (≥ 4 charged tracks) final states, as we employ the same hadronic event selection cuts in this analysis that we did in the ggγ analysis [1] . We note that although two-body branching fractions have been observed for, e.g., Υ(1S)→ γf 2 (1270) at the level of 10 −4 , the fraction of f 2 (1270) decays into ≥4 charged tracks is only ≈ 3% [7] . The analysis, in general terms, proceeds as follows. After selecting a high-quality sample of e + e − annihilations into hadrons using the hadronic event selection cuts of the previous analysis [1] , we construct the inclusive isolated photon spectra in data taken at both on-Υ-resonance and off-Υ-resonance energies (the latter samples are used for systematic checks of the overall procedure). A two-body radiative decay of the Υ will produce a monochromatic photon in the lab frame; the energy of the radiated photon E γ is related to the mass of the recoil hadron R via M R = 2E beam √ 1 − z γ . In the case where the intrinsic width of the recoil hadron is much smaller than the experimental photon energy resolution, the measured radiative photon energy should be a Gaussian centered at the energy E γ . For a 1 GeV (4.5 GeV) recoil photon, this implies a recoil resonance with width typically narrower than 20 MeV (260 MeV). Not knowing a priori the mass of the hadron R, we therefore perform a set of fits of the Υ(nS) photon spectrum to a Gaussian signal, centered at a series of E γ values, and with resolutions corresponding to the known CLEO III electromagnetic calorimeter resolution atop smooth polynomial backgrounds, over the range 0.2 < z γ < 1.0.
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We construct 95% confidence level upper limits from these fits as a function of recoil mass M R , corrected for the efficiency loss due to the fiducial acceptance of the detector and the event and photon-selection cuts that define our data sample. In estimating this correction, we assume R has spin=0, with a corresponding 1 + cos 2 θ angular distribution for the recoil gamma; higher spins will generally give flatter angular distributions. Note that the exact form of the efficiency correction due to the event and photon selection cuts varies with the decay final states considered for R. In the high-momentum region typical of the particles recoiling against the direct photon, our per-track charged particle detection efficiency is generally ≥90% over the fiducial volume. To be conservative, we derive our z γ -dependent efficiency correction from the decay mode yielding the worst reconstruction efficiency. This final efficiency-corrected limit is converted into an M R -dependent branching ratio upper limit B(γR) by dividing the resulting yield by the calculated total number of resonant Υ events. For the off-resonance running, the distributions are divided by the off-resonance luminosity for the sake of comparison between continuum samples. An example of simulated signal superimposed on background is given in Figure 1 for the hypothetical process Υ(4S)
Event Selection
Event selection criteria in this analysis are identical to those imposed in the previous analysis [1] . The inclusive photon spectra are therefore identical to those taken from our previous analysis as well. The background shape is approximately exponential in the region 1 It should be noted that "bumps" in the inclusive photon spectrum can be due not only to resonant twobody decays but also to continuum threshold effects such as the crossing of the cc threshold. Given our photon energy resolution, all processes of the type e + e − → D ( * ) D ( * ) result in photons relatively close in energy and produce an apparent enhancement in the region z γ ∼ 0.8. In the previous analysis [1] , we also identified an excess of photons in data as z γ → 1 (≡ E γ /E beam ). Further examination of these events indicated that they were dominated by continuum production: 
Fitting the Inclusive Photon Spectrum
To extract the possible magnitude of a two-body radiative signal, we step along the inclusive photon spectrum over the interval 0.2 < z γ < 1.0, fitting it to a Gaussian with width equal to the detector resolution at that value of photon energy, plus a background parametrized by a smooth Chebyshyev polynomial. We assume that the intrinsic width of the resonance R is considerably smaller than the detector resolution. Our step size is determined by the energy resolution of the detector σ E ; we use steps of width σ E /2.
For photons in the central barrel (| cos θ γ | <0.7, with θ γ the polar angle of the photon momentum vector relative to the beam axis) region of the CsI electromagnetic calorimeter, the energy resolution over the kinematic interval relevant to this analysis is of order 2%. For two-body radiative decays from the Υ(1S), the photon energy resolution and recoil mass resolution as a function of z γ , are shown in Figure 2 . Curves are similar for the other narrow Υ resonances.
We use a fourth-order Chebyschev polynomial to describe the background. For each fit, the Gaussian fit area A(z γ ) and fit error σ A (z γ ) is recorded. Note that the fits are highly correlated point-to-point, and that the bin width is much finer than the detector resolution. At each step, we use a ±10σ E fitting window; the background is expected to be relatively smooth over such a limited interval. 
Extracting Upper Limits
To convert the A(z γ ) distribution obtained from fitting the inclusive photon spectrum into a 95% confidence-interval upper limit, we add 1.645 · σ A (z γ ) point-wise to the A(z γ ) distribution, as a function of photon energy. In this process, since we are interested in enhancements in the inclusive photon spectrum, all negative areas from the raw fits are set equal to zero, and the corresponding upper limit set to 1.645 · σ A (z γ ) at these points. The resulting contour for the Υ(1S) fitting is shown in Figure 3 . The analogous contours for the other Υ spectra look similar. We convert the limits as a function of photon energy z γ into a function of a hypothetical resonance recoil mass M R . For the purposes of this conversion, the mean values for each running period of E beam are used for each data sample; we neglect the MeV-scale variation in beam energies for a particular run period. These values are given in Table I , along with the integrated luminosities of the resonance and below-resonance Υ data samples used in this analysis. The resulting M R -dependent contour, for the Υ(1S), is shown in Figure 4 . 
Efficiency Correction
We consider two efficiency corrections to the upper limit contour: one due to the fiducial acceptance of the detector, and the other due to our event and shower selection cuts.
For photons in the barrel of the detector, we assume that R is spin zero, which corresponds to a 1 + cos 2 θ distribution of the photons in the two-body decays we are considering; higher spins will generally give flatter angular distributions [4] . Assuming this angular distribution amounts to an ≈ 0.6 uniform angular acceptance efficiency correction factor to our limit. In addition to this angular acceptance correction, we assess an efficiency correction due to the CLEO III detection efficiency. Not knowing a priori what the decay mode of our hypothetical resonance R will be, we have generated 5000-event Monte Carlo samples spanning a wide range of final state multiplicities (all with N charged ≥ 4) and masses M R . In the interests of producing a conservative upper limit, we used this study to choose the mode with the worst average efficiency. In this manner, we efficiency-correct, as a function of M R mass, our upper limit as a function of z γ (or E γ ) before mapping the upper limit into M R . A list of R decay modes considered in this analysis and their average efficiencies (averaged over the photon energy spectrum from 1.0 GeV ≤ E γ ≤ 4.5 GeV) is given in Table II . We find that the worst efficiency among the decay modes considered was obtained from Figure 5 ). We therefore use this efficiency function to determine our upper limit contours.
FIG. 5:
The efficiency for detecting an Υ → γ + R, R → 2(K + K − )π 0 event as a function of observed photon energy E γ as determined from a 25000-event Monte Carlo sample. Each point in this efficiency is obtained from a different R mass hypothesis. This photon energy-dependent efficiency correction distribution is used to point-wise correct our upper limit, where the efficiency between points in this distribution is estimated by linear interpolation.
Results
To convert the efficiency-corrected upper limit contour into an upper limit on the twobody radiative branching ratio B(γR), we simply divide the efficiency-corrected upper limit contour by the total calculated number of Υ(nS) decays [1] , as shown in Table III . For completeness, we also include the results for the Υ(4S), for which the decay width is expected to be nearly saturated by Υ(4S)→ BB [7] . The total number of Υ(4S) events was obtained by multiplying the total luminosity of our on-resonance Υ(4S)-running by the well-known
TABLE II: Average efficiencies for the reconstruction of various decay modes that could be detected in this analysis, obtained by fitting the photon energy-dependent reconstruction efficiencies to a straight line in the interval 1.0 GeV < E γ < 4.5 GeV (statistical errors only). Quoted efficiencies correspond to 5000-event Monte Carlo samples for which photons are generated with a flat angular distribution within the barrel fiducial volume of the calorimeter, and therefore are restricted in geometry. The lowest-efficiency final state (K + K − K + K − π 0 in bold above) is used for setting upper limits.
Υ(4S) on-resonance cross-section (which we calculate from [11] ). The resulting on-resonance upper limits B(γR) are shown in Figure 6 . Given the fact that we have not performed a continuum subtraction on the on-resonance inclusive photon spectrum from Υ decays, it is interesting to compare the structure observed in Figure 6 with structure observed when we apply the fitting procedure to continuum data. Figures 7, 8, 9 and 10 show the resonances' limits of Figure 6 separately, with the corresponding continuum distributions overlaid for comparison. We observe a partial correlation between the continuum and resonance spectra, suggesting that both spectra have large contributions from initial state radiation (ISR) photons.
Applying our fitting procedure directly to the continuum we can obtain limits on the cross-section for e + e − → γ + R, over the barrel angular acceptance region (Figure 11 ). It is important to note here that a) the angular distribution for continuum initial state radiation processes is considerably more forward-peaked than the 1 + cos 2 θ distribution we have assumed for the resonance; we have therefore applied a correction based on the angular distribution appropriate to ISR, and b) the quantum numbers of particles produced in association with ISR photons are different than those produced in radiative decays of quarkonium resonances. To set the scale of the continuum cross-section sensitivity, the raw ISR cross-section for e + e − → J/ψ + γ is expected to be ∼5 pb in the 10 GeV center-of-mass regime. Taking into account the efficiency of our event selection requirements and the strong forward peaking expected for ISR processes, this corresponds to an expected observed crosssection into ≥4 charged tracks ∼ 10 −4 nb. This value is at the edge of our current statistical sensitivity.
Cross-Check
In order to check that we are able to identify a signal at a given sensitivity level, we embedded pure Monte Carlo signal into data, and performed our fitting procedure on the resulting distribution to ensure that we recover the correct signal magnitude in our branching ratio upper limit. To do this, hypothetical Υ(4S)→ γ + R, R → π + π − π + π − events were embedded into the Υ(4S) inclusive photon spectrum with branching ratios of the order of 10 −5 , 10 −4 , 10 −3 , and 10 −2 under 10 different M R hypotheses: M R = 0.6 GeV, 1.5 GeV, 2.5 GeV, 3.5 GeV, 4.5 GeV, 6.5 GeV, 7.5 GeV, 8.5 GeV, and 9.5 GeV. The resulting upper limit contours derived from applying our procedure to these spectra are show in Figure 12 .
We reconstruct all signals within our expected sensitivity (around 10 −4 ) that are within our accessible recoil mass range.
Systematic errors
We identify and account for systematic errors as follows:
1. We account for possible systematics in our event and shower reconstruction efficiency by using the lowest-efficiency final state considered, and by assuming R has spin=0. The angular distributions for spin=0, 1 and 2 two-body decays have been calculated, and generally yield flatter distributions for higher spins [4] .
2. We have assessed fitting systematic uncertainties by varying the recoil mass bin width (from 20% to 50% of the resolution σ) and the order of the background polynomial used to parametrize the background (from second-order to fifth-order). Observing no statistically significant variation between these extremes, we have used as defaults σ=5 bins and a fourth-order background, based on the goodness of fit of the pull distributions to a unit Gaussian on the continuum.
FIG. 12:
Upper limit contours derived from applying our procedure to fabricated Monte Carlo signal spectra. We reconstruct all input signals withing our sensitivity (≈ 10 −4 ) that are within our accessible recoil mass range.
Summary
As shown in Figure 6 , our sensitivity is of order 10 −4 across the mass range corresponding to 0.2< z γ <1.0, well above the tabulated branching ratios for any known Υ → γ+X, X→ h + h − h + h − +neutrals process. We measure upper limits of: for all kinematically allowed masses M R , under the assumption that R is a pseudoscalar. Constraining 1.5 GeV < M R < 5.0 GeV we set a more stringent limit of: Additionally, we report these upper limits as a function of the mass recoiling against the photon, as shown in Figure 6 . We limit the branching ratio for two-body radiative decays to narrow resonances (<20 MeV in width) to be ≤ 10 −4 . We conclude that distortion of the inclusive photon spectrum in our previous extraction of α s due to the possible contribution of such events is negligible.
The possibility of resonances with widths greater than our experimental resolution has yet to be completely addressed. Further work on exclusive multiparticle final states (e.g., γ2π
+ 2π − , γ2K + 2K − , γK 0 K 0 and γK 0 K ± π ∓ ) would help elucidate the nature of such radiative decays.
